Measurements of the normalized radar cross section (_o) made by the YSCAT nltrawideband scatterometer during an extended deployment on the Canada Centre for Inland Waters (CCIW) Research Tower located at Lake Ontario are analyzed and compared with anemometer wind measurements to study the sensitivity of cr°to the wind speed as a function of the Bragg wavelength. This paper concentrates on upwind and downwind azimuth angles in the wind speed range of 4.5--12 m/s. While YSCAT collected measurements of _o at a variety of frequencies and incidence angles, this paper focuses on frequencies of 2.0, 3.05, 5.30, 10.02, and 14.0 GHz and incidence angles within the Bragg regime, 30-50°. Adopting a power law model to describe the relationship between _°and wind speed, both wind speed exponents and upwind/downwind (u/d) ratios of _°are found using least squares linear regression.
where 0 is the incidence angle. For microwave frequencies of 2-18 GHz, and moderate incidence angles, the Bragg wavelength varies from approximately 1-20 cm, a range which includes capillary and short gravity waves. Table I shows the water Bragg wavelengths measured in this study. As discussed later, the Bragg wavelength can be a useful compact parameter to examine the backscatter versus radar parameters; however, it must be noted that while Bragg scattering may be the dominate scattering mechanism, other scattering mechanisms and hydrodynamic modulation also affect the radar backscatter.
In wind scatterometry geophysical model functions are used to relate _r°to the surface wind vector. In general, cr°is a function of polarization Go), EM frequency (f), incidence angle (8), relative azimuth angle (X), wind speed (U), and possibly other parameters (--.), i.e., _°= _(f, 0, x, p, --'). 
In this equation "7 is referred as to as the wind exponent where the 7 function arguments (f, 0, X, 19) emphasize the dependence on the electromagnetic frequency, incidence angle, relative azimuth angle, and polarization. The wind exponent gives a measure of how sensitive tr°is to wind speed.
We will consider only two wind directions, upwind and downwind.
Previous experiments have shown that ¢r°varies with relative azimuth as approximately cos (2X) with a small asymmetry between the value of cr°at upwind (X = 0°) and downwind (X = 180°) with tr°at upwind being lightly larger than _r°at downwind. The difference between cr°at upwind and downwind (upwind/downwind ratio) is used to remove the 180°directional ambiguity from the wind direction inherent in the wind retrieval problem [13] . Thus, the upwind/downwind ratio is an important parameter which will be investigated. 8°. The receive antenna is a conventional quadridge horn with a beamwidth which varies from 45°to 7.5°o ver the 2-18 GHz frequency range. A function block diagram of YSCAT is given in Fig. 1 .
The dual-pol receiver simultaneously receives V-pol and Hpol channels. After amplification and mixing down to a 166 MHz IF, the signal is split into in-phase and quadrature (I/Q) components which are then mixed down to baseband and low pass filtered at 900 Hz. The filtered baseband I/Q signals are sampled at 2 kHz using 12-b A/D's.
Nominal measurements are one minute long; however, 20 min measurements were also collected. To conserve on disk storage space, the raw data is processed into 10 Hz, or 0.1 s, measurement records consisting of a power measurement in dB, the Doppler centroid, and the Doppler bandwidth in Hz. The power is calculated by first finding the average of the squares of the individual voltage measurements, and then converting the value to decibels. The Doppler centroids and bandwidths are found using first and second moment estimation techniques (see [7] ).
YSCAT was mounted 6.26 m above the water surface. The incidence and azimuth angles of the antennas are controlled using stepping motors. The incidence angle can be adjusted from nadir (0°) to greater than 90°. The azimuth angle can be set to +80°from looking straight out from the platform. Data is also collected from an array of environmental sensors. These include two separate anemometers, an aspirated temperature sensor, a humidity gauge, a water temperature gauge, and a rain gauge. The data from these sensors are collected and averaged into 30 s measurements which are then recorded in the radar files. The anemometers, which provide the [/10 wind speeds used in this paper, are mounted at a height of approximately 10 m above the water surface.
YSCAT was deployed from May 1994 through November 1994 on the CCIW Research Tower located on Lake Ontario (see Fig. 2 ). The CCIW tower is designed to have minimal impact on the winds and waves [5] . The location provides both long and short fetch wind directions, where the fetch varies from 1-100 kin. The long fetch directions are from 50-90°T. The water depth at the tower location is approximately 12 m. Because Lake Ontario is a fresh water lake and the tower is located near the shore the response is somewhat different than the open ocean. During the experiment period most significant winds came from short fetch directions (1-10 km). As a result, a significant long wave field was rarely present. For example the significant wave height was typically less than 0.5 m, while the maximum significant wave height encountered was 2 m; however, this only occurred during a two day period. Since in the open ocean 2 m wave heights are very common, a°m easurements from Lake Ontario will be somewhat different than those on the open ocean with respect to the long wave field.
Colton et al.
[3] has shown that Lake Ontario waves are typically shorter and steeper than in the open ocean resulting in a higher drag coefficient. This suggests that for a given wind speed the wind stress over the lake will be higher than that of the ocean, resulting in a stronger wind speed sensitivity of tr°.
The results of this experiment must be interpreted accordingly.
IV. DATA ANALYSIS
Approximately three months of data, collected from May 6-August 1, are analyzed in this paper. During this time interval, the significant wave height was generally small, typically less than 0.5 m with the exception of a two day period. The wind speed ranged up to 14 m/s from virtually all directions. The air temperature varied from 10-30°C and the water temperature changed from 9°C to a high of approximately 20°C.
Previous research has suggested that tr°may be affected by the air-sea temperature difference [8], [9], the water temperature [4], or the long wave field [10]. However, the importance of these effects is still a matter of debate. During the three month data set the air-sea temperature difference was always positive or neutral and the long wave field was usually small. As a result, the current data set does not allow an adequate comparison between the different cases of air-sea temperature difference and long wave field and these are ignored in the data analysis. Rain can effect the value of a°by attenuating the radar signal and by effecting the sea surface. In addition, the radar gain can be effected by the presence of water on the antenna reflector. Thus, for this study, measurements contaminated by rain are discarded in a manual editing process [2]. To investigate the wind speed sensitivity of cr°, only X values of d:10°of upwind and downwind with wind speeds greater than 4.5 m/s are used.
Since the focus of this paper is on wind speed sensitivity and the issues associated with the absolute calibration of a scatterometer too involved to incorporate into this paper, the analysis techniques we have used have been chosen to avoid dependence on the absolute calibration of the scatterometer. The cr°values presented in this paper have not been corrected for the absolute calibration of the scatterometer.
A. Regression Analysis
To investigate the sensitivity of tr°at different frequencies, the measurements in each record are first averaged to produced one minute averages. All averaging is done in linear space since averaging in log space may produce too low a value, resulting in errors up to 3 or 4 dB [8] . Plots of tr°(in decibels)
versus the log of wind speed display a linear trend. Fig. 3 gives an example of V-pol and H-pol data at downwind, 3.05 GHz, and 30°incidence. Wind speed is the wind at 10 m, U10. (r°values shown in this plot have not been corrected for the absolute calibration of the V and H pol channels of the scatterometer.
To compute the slope 7 of the linear fit, the simple regression model _r_ = At + 7 10log10 (Ui) + ei is used, where cr_ is expressed in decibels, A0 is a constant, 7 is the slope, U is the wind speed in m/s, and ei represents the random error term which is assumed to be normally distributed.
This corresponds to linear regression of c_°in decibels versus wind speed in normal space. In computing the regresssion, outliers are discarded. Outliers are defined as points that are more than +2_r from linear regression line determined in an initial regression fit using all the points [2] .
A summary of the regression slopes is given in Fig. 4 . Note that the 7 values are not dependent on the absolute calibration of the scatterometer.
Confidence intervals were computed based on the number of independent samples in each one minute measurement which is determined from the correlation times of the microwave backscatter signal. Assuming that the correlation function falls off as e -aT , the correlation time is the time required for the correlation function to decay to 1/e of its maximum value. Typically, the correlation time is a function of frequency with shorter correlation times associated with higher frequencies.
We compute the correlation times for each study frequency below.
B. Correlation 71rues
Plant et al. [14] state that at X-band the correlation time is approximately 10 ms. This suggests that at X-band, the 0.1 s samples of power measurements collected by YSCAT are essentially uncorrelated.
Following the methods of Plant et aL, the correlation times can be found from an estimate of the radial velocity spread which is given by
where 6v, is the radial velocity spread, A is the microwave wavelength, and f2 is the second moment of the Doppler spectrum. The value of f2 can be found from the Doppler bandwidth estimate that is collected along with each power measurement.
Finally, the correlation time, to is found from
Using (3) and (4) made in one minute are independent. Although assuming that uncorrelation implies independence is not completely correct, the resulting error is small [15] . The resulting 95% confidence interval is typically less than +0.1 dB for the e°regression. In all cases the 95% confidence interval is less than +1 dB.
V. DATA ANALYSIS RESULTS AND DISCUSSION
The sensitivity to wind speed is conveniently analyzed through the wind speed exponent (3`) computed for both upwind and downwind. The sensitivity to wind direction can be expressed in terms of the wind speed exponent and A0. We have analyzed the cr°measurements to investigate: l) the wind speed exponent (3`) as a function of incidence angle; 2) 3`as a function of Bragg wavelength; 3) differences between 3`for Vpol, H-pol, upwind, and downwind; and 4) upwind/downwind cr°ratio as a function of Bragg wavelength and wind speed.
A. Wind Exponent (3`)
The least squares linear fit is found for each frequency, incidence angle and polarization for both upwind and downwind cases. The results are summarized in Fig. 4 . In this figure _, values at 20°and 60°have been included to give a wider range of incidence angles even though these are outside of the primary incidence angle study range of 30-50°. The error bars represent 90% confidence limits determined from the standard error of the slopes. We note that the V-pol 10 and 14 GHz measurements exhibit considerable scatter. This phenomena has also been observed by Plant et aL [11] who note that the data spread at X-band is always considerable when wind speed is used as the independent variable. Since there is much less scatter in the data at lower frequencies, it is suggested that tr°at X and Ku bands is more sensitive to other unmodeled geophysical parameters than it is at lower frequencies.
B. Effect of Incidence Angle on 3P
revious studies have suggested that 3' increases with increasing incidence angle. Unal et al.
[18] found that 3' increases with incidence angle for H-pol, but that the trend is not as obvious at V-pol. Chaudhry and Moore [1] (hereafter CM) concluded that 3' increased rapidly at lower incidence angles, but at larger angles (O > 30°) 3' varied little. YSCAT data (Fig. 4) show similar results over a broader frequency and incidence angle range for both upwind and downwind directions.
In general, the data show that 3' increases as /9 goes from 20-50°and that the slopes are a function of frequency. With the exceptions of 2 GHz, V-pol downwind at 10 GHz, and Hpol upwind at 14 GHz, the results suggest that 3"peaks at 50°a nd then begins to decrease. This trend is more pronounced at higher frequencies. The results at 3 GHz suggest the same trend, although it is not as pronounced where 3" is always less than one. The increase with incidence angle of the V-POl values is consistent with the results found by [18]; however, an increasing trend is also apparent at H-POl. This differs from
Unal et al.
[18] who state that V-pol did not have as large an increase as H-POl. The reasons for this difference are not apparent.
C. Wind" Speed Exponent Versus Bragg Wavelength
The previous section shows that 7 is a function of incidence angle, azimuth angle, polarization and frequency. For moderate incidence angles (30-50°) the surface scatter is dominated by Bragg scattering. With this in mind, the behavior of 7 can be examined with respect to the Bragg wavelength. The Bragg wavelength provides a compact parameter to combine frequency and incidence angle. Our use of the Bragg wavelength simplifies presentation of the data. We note, however, that other scattering mechanisms (e.g., wedge scattering and wave breaking) and hydrodynamic modulation of the small wave field by long waves can also effect the observed _r°.
Parameterizing
the observed backscatter by Bragg wavelength neglects these effects. Nevertheless, doing so can provide insights into the wind-speed behavior of the backscatter as a function of the radar parameters included in the Bragg wavelength parameter as well the surface wave spectrum. We also note that the derived wind exponents do not represent a physical property of the surface but rather a particular parameterization of the cross-section of the surface.
Using only incidence angles from 30-50°, the values of 7 are plotted against Bragg wavelength in Fig. 5 . Also shown on each plot is the least squares exponential fit to the data. The error bars display the 90% confidence levels of the 3' estimates.
The error bars are largest for the upwind cases as a result of the regression being computed with fewer data points compared to the downwind cases. This figure suggests that cr°is much more sensitive (i.e., ff is larger) to wind speed at smaller Bragg wavelengths (A < 4 cm) than at longer wavelengths. In fact for A > 8 cm, 3' is less than one in all cases. The differences of ,y between the V-pol, H-pol, upwind, and downwind cases are discussed later.
Surface ocean waves receive energy from the wind, either directly or indirectly through nonlinear interactions with smaller waves. Smaller waves are generally in equilibrium with the wind and will respond more strongly to changes in the wind than will larger waves. Higher wind exponents are indicative of this fact. The Bragg wavelengths of water waves which are very sensitive to changes in the wind speed will correspond to high wind exponents. The finding that 3' is less than one for A > 8 cm, suggests that these waves may receive their energy more from nonlinear interactions with smaller waves than directly from the wind. the open ocean may explain why the exponents are higher. Not only are the water properties different, but in the lake the waves are generally less developed than ocean waves. In a previous experiment on the CCIW 
D. Differences in 7 for Upwind, Downwind, and Polarization
To examine the dependence of 7 on polarization, the Hpol "7 (denoted 3"HH) is plotted against the V-pol 3' (denoted 3'vv) for both upwind and downwind in the upper two plots of This trend is strongest at upwind, and suggests that V-pol is more sensitive to wind speed than H-pol.
The lower two plots of Fig. 7 show the comparison between 3' at upwind (denoted "/u) and 3' for downwind (denoted q'O)
for both V-pol and H-pol. The V-pol case suggests that "TD is slightly larger than "_u, while at H-POl "/D is always larger than 3'u-As will be shown later, the difference between 7v and 3"9 has implications regarding the upwind/downwind ratio. In both cases 7D is typically larger than 3"u. Since larger 3, are which at a given frequency, is equivalent to decreasing Bragg wavelength. They also report that the difference between H-pol and V-pol u/d decreases with increasing wind speed. A difference between YSCAT results and those just mentioned is that some of the values of u/d ratios calculated with YSCAT data for V-POl are less than unity. This mainly occurs at higher wind speeds and for longer Bragg wavelengths.
Both of these factors are consistent with the trends of decreasing u/d with increasing Bragg wavelength and decreasing _/d with increasing wind speed. Nevertheless, the behavior of the YSCAT u/d ratio as a function of polarization, Bragg wavelength, and wind speed is in good agreement with previous results.
E. Discussion
To summarize, the upper plot of Fig. 10 gives 3' as a function of Bragg wavelength for all cases previously analyzed. The results for all cases are similar, with the exception of the H-pol upwind case which deviates the most from the mean. The curves imply that a,_v is more sensitive to wind speed than a_H. An additional conclusion is that smaller Bragg wavelengths (less than 4 cm) are much more sensitive to wind speed than are the longer ones. Other experimental results imply that the sensitivity begins to saturate for Bragg wavelengths somewhere less than 2 cm. However, YSCAT data only provides limited samples of A less than 2 cm and can not support this conclusion.
The lower plot of Fig. 10 displays the 3"U/3"D and 3'HH/fVV ratios as a function of Bragg wavelength A. The 3'HH/fVV ratios exhibit a decreasing trend with decreasing Bragg wavelength. For the wind speed sensitive wavelengths (2- 4 cm) , the 7HH/fVV ratio is less than unity which suggests that _r_v is 11 presents u/d ratios for V-pol (denoted u/dw) and H-pol (denoted u/dHH) at four different wind speeds. In both cases two trends are apparent. The first is that the tt/d ratio increases with decreasing Bragg wavelength, and the second is that the u/d ratio decreases with increasing wind speed. The first result implies that shorter Bragg wavelengths are more sensitive to relative azimuth (wind direction) than are longer wavelengths.
Another important observation is that _t/dHH is higher at all wind speeds than u/dvv. This suggests that _r_in is more sensitive to wind direction than crecy.
Assuming that the general trends noted in this study also apply to an oceanic environment, some implications in the remote sensing of winds from spaceborne scatterometers can be identified. Practical reasons such as cost and complexity imply that a spaceborne scatterometer should be a single frequency radar. Moreover, the incidence angle covers moderate Bragg scattering regions. Given this system, what should the operating frequency be? Fig. 12 illustrates graphically which Bragg wavelengths are attainable at moderate incidence angles for C-band, X-band, and Ku-band. In this plot horizontal dotted lines (A = 2 cm, A = 4 cm) have been added to emphasize the region where ao is most sensitive to wind speed, while the vertical dotted lines (0 = 30°, 0 = 50°) highlight the incidence angle range used in this study. The results presented in this paper have shown that c_°is most sensitive to wind speed and has a higher u/d ratio for Short Bragg wavelengths. Given this, Fig. 12 suggests that either Ku-band or X-band may be better operational frequencies than C-band. From the results of this study, it is difficult to further distinguish between X-band and Ku-band.
Although tr°at X-band and Ku-band appears to be more sensitive to wind speed and direction than at C-band, the values of _r°at the higher frequencies also exhibit much higher variability.
This variability may be due to other unmodeled parameters such as air-sea temperature difference and long wave fields. In this respect, C-band may be a better operational frequency since the measurements appear to be less sensitive to other environmental parameters. C-band measurements are also less sensitive to atmospheric attenuation due to the presence of liquid water and water vapor. Accounting for envi- • V-POl tr°is slightly more sensitive than H-pol cr°to wind speed.
• H-pol a°is more sensitive than V-pol tr°to wind direction.
• Bragg wavelengths less than 4 cm are the most sensitive to wind speed and direction.
